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tissue segmentation; fat water magnetic resonance imaging; fat signal fraction; brown adipose tissue; white adipose tissue IT HAS BEEN KNOWN FOR SOME TIME that the primary role of brown adipose tissue (BAT) is to generate heat in response to cold (10, 32, 55) . More recent evidence shows BAT also performs as an endocrine organ, secreting adipokines that signal multiple tissues (39, 48) and organs (60) . BAT also plays a role in whole body metabolism, assisting with glucose homeostasis and insulin sensitivity (13, 40) . For example, a model of diabetic mice received BAT transplants, resulting in an insulin-independent reversal of type 1 diabetes (22) . Additionally, active BAT in mice can clear 75% of the glucose and 50% of the triglycerides from circulation (5) . Much of our understanding of BAT comes from animal models. However, the rediscovery of BAT in adult humans has ignited tremendous scientific interest.
Studies show evidence that cold-activated BAT is present in adults (54, 56a, 58) . There is some indication that the presence of BAT in humans is dependent on ethnicity (4), declines with age (24, 50) , and is inversely correlated with obesity (57) . Some smaller (n Ͻ 6) studies report a prevalence of BAT in adults as high as 100% (15, 59) ; however, larger studies report a range of 20 -96% (56a, 57). Our understanding of human BAT is somewhat limited because the primary technique for detecting BAT is through [ 18 F]fluorodeoxyglucose ([ 18 F]FDG) positron emission tomography (PET) imaging. Although [ 18 F]FDG PET is useful for detecting glucose metabolism of tissues, it is important to note that active BAT of mice and humans preferentially combusts fatty acids (4 -6, 49) . These fatty acids are derived from plasma triglycerides after lipolysis, which is fueled by glucose (6, 35) . Therefore, [ 18 F]FDG PET does not always detect metabolically active BAT, but the observation of increased levels of [ 18 F]FDG uptake are a reliable indication of activated BAT. That is to say, [ 18 F]FDG is highly specific but not highly sensitive to activated BAT. In this work, the term "active BAT" is used to indicate BAT that exhibits increased levels of [ 18 F]FDG, although it is possible for active BAT to exist without taking up [ 18 F]FDG. An additional limitation of PET imaging is due to its use of ionizing radiation. Therefore, to fully understand the function of BAT and its role in whole body energy metabolism, new imaging techniques need to be employed.
Magnetic resonance imaging (MRI) has already been proposed as an alternative BAT imaging technique (37) . MRI is useful partly because it does not use ionizing radiation, and therefore, longitudinal studies are possible. Additionally, unlike PET, MRI can detect BAT under thermoneutral (nonactivated) conditions and has been used to measure BAT volume and activity (11, 52, 56b) . Using MRI to detect the differences between BAT and white adipose tissue (WAT) is possible because BAT and WAT have unique characteristics. White adipocytes contain a single large lipid vacuole and few mitochondria (2) . Brown adipocytes contain multiple lipid vacuoles and an abundance of iron-rich mitochondria (10) . Therefore, fat occupies a higher fraction of total cell volume in WAT than in BAT, which can be measured using the MRI property called fat signal fraction (FSF). In mice, gonadal WAT has a FSF of 90 -93%, and interscapular BAT ranged from 40 to 80% FSF. Humans aged 5-26 yr also show a FSF of 39.2-80.6% in clavicular BAT and 87.4 -96.0% FSF in subcutaneous WAT (30) . Additionally, BAT has higher iron content due to the elevated mitochondrial density and blood vessel innervation in BAT compared with WAT. The MR property called transverse signal decay rate (R 2 *), which is related to T 2 * relaxation time as R 2 * ϭ 1/T 2 *, may reflect the tissue iron content (1, 34, 62) . In infants and adolescents, R 2 * of supraclavicular BAT ranges from 39 to 84 s
Ϫ1
, and subcutaneous WAT ranges from 22 to 40 s Ϫ1 (30, 31) . The purpose of this research was to quantify the PET-CT and MRI characteristics of active and inactive clavicular BAT in healthy adult subjects and to compare these with the values in subcutaneous WAT. Additionally, this work aims to determine whether MRI is capable of detecting a difference between active and inactive BAT. This would prove useful, as [ 18 F]FDG PET can only detect activated BAT. Finally, this work quantifies image-based adipose tissue metrics in both PET-positive and PET-negative subjects. In this work, the term "PET positive" indicates subjects whose clavicular BAT had increased [ 18 F]FDG levels after exposure to cold, and "PET negative" indicates subjects who did not.
To delineate regions of clavicular BAT, this work makes use of our previously reported automated segmentation technique (16) . This segmentation method produces a conservative estimate of clavicular BAT and minimizes the effect of rater subjectivity and boundary ambiguity on the results. The rigorously defined MRI properties of BAT presented in this work lay the foundation for MRI-based quantitative imaging of BAT without the need for the ionizing radiation and the radioactive tracers required to obtain PET-CT images.
MATERIALS AND METHODS
Subject and study setup. The local ethics committee of Vanderbilt University approved this study, and all subjects provided written, informed consent prior to participation. Twenty-five healthy adults participated in the study. To be eligible for the study, subjects had to be between the ages of 18 and 45 yr and with a body mass index (BMI) between 18.5 and 30 kg/m 2 . Additionally, the subjects were screened for the following exclusion criteria: diabetes mellitus, use of ␤-blockers or anxiety medication, history of smoking or chewing tobacco products, and consumption of more than four cups of coffee each day or more than two alcoholic drinks each day.
Four imaging scan sessions were acquired on all subjects: two MRI and two PET-CT, with each scan session acquired on a different day and all four scans completed on average within a 5-wk timespan. Both scanning modalities were performed under thermoneutral 24°C (75.2°F) and cold 17°C (62.6°F) conditions. All scans were performed in the morning, with each study day completed by 1300. Subjects were required to refrain from alcohol, caffeine, medication, and exercise or strenuous activity for 24 h prior and to fast overnight (Ն8 h). The full details of the temperature-controlled room and subject setup were described previously (21) but are briefly summarized here. The room temperature was maintained without air blowing directly on the subject. Prior to entering the temperature-controlled room, subjects changed into standardized disposable hospital exam shorts and t-shirts (MediChoice, Mechanicsville, VA). Subjects also removed socks and shoes, keeping their underwear on, resulting in a total clo factor (8) of 0.19 clo (female: underwear 0.03 clo, bra 0.01 clo, shorts 0.06 clo, t-shirt 0.09 clo; male: briefs 0.04 clo, shorts 0.06 clo, t-shirt 0.09 clo). Subjects' height, weight, and waist circumference measurements were taken after changing into standard clothing.
Subjects then sat stationary for 2 h in the temperature-controlled room before being scanned. They were allowed to read or watch television but were not allowed to perform any activity that could change their body temperature, i.e., exercise or sleep. After these 2 h, the subjects were transported to either the MRI or PET-CT scanner by wheelchair to minimize potential warming due to muscular activity. Additionally, body temperature measurements were made on four occasions using a sublingual thermometer: prior to entering the temperature-controlled room, after 1 h in the room, at the end of the 2 h, and finally within 5 min after scan completion.
Image acquisition. PET-CT scans were acquired on a GE Discovery See and Treat Elite (STE) PET-CT scanner (General Electric Medical Systems, Milwaukee, WI) with a field of view covering from the crown of the head to midthigh using seven to nine bed positions, depending on subject height (2 min/bed position). Scans were acquired in helical mode with a 0.8-s revolution time, a 1.25-mm single collimation width, and a 1.675 spiral pitch factor. The reconstructed PET-CT voxel sizes are as follows: PET, 5.5 mm ϫ 5.5 mm in-plane, and 3.27 mm through-plane; CT, 1.37 mm ϫ 1.37 mm in-plane and 3.27 mm through-plane. For PET-CT scans, a nuclear medicine technologist administered the injection of [ 18 F]FDG intravenously after the first hours in the temperature-controlled room. The total [ 18 F]FDG dosage was calculated based on subject weight at 0.14 mCi/kg. MRI scans were acquired using a Philips Achieva 3T (Philips Healthcare, Best, The Netherlands) scanner equipped with two-channel parallel transmit capability, a 16-channel Torso-XL surface coil (Invivo, Gainesville, FL), and an X-tend tabletop (X-tend ApS, Hornslet, Denmark). The modified MRI table setup has been described previously (21) . The MRI sequence was a multi-stack, multislice, multiple fast field echo (FFE) acquisition with 12 stacks of 20 contiguous axial slices. Scanner software was modified to enable the sampling of eight echoes acquired as two interleaved sets of four echoes, with first echo time being TE1 ϭ 1.024 ms and effective echo time spacing ⌬TE ϭ 0.779 ms. Preparation phases for each stack included center frequency (F0) optimization and first order linear B0 shimming. Additional acquisition details include flip angle ϭ 12°, repetition time (TR) ϭ 83 ms, water fat shift ϭ 0.323 pixels, readout sampling bandwidth ϭ 1,346.1 Hz/pixel, axial in-plane field of view ϭ 520 mm ϫ 408 mm, acquired voxel size ϭ 2 mm ϫ 2 mm ϫ 7.5 mm, and sensitivity encoding (SENSE) parallel imaging factor ϭ 3 in the anterior-posterior direction. Acquisition time was 25 s/stack, and two breath holds were performed per station from the neck to the pelvis. Real and imaginary images were saved for off-line processing.
Additional MRI scans acquired prior to each stack included a dual-angle B1 calibration scan (acquisition time 15.1 s) that was acquired to enable optimized RF shimming for the two-channel transmit capability of the scanner and a SENSE reference scan (acquisition time 12.1 s).
Image processing. The MRI reconstruction and water-fat image separation steps were performed using a robust hybrid magnitude-and complex-based method (65) . Prior to analysis, the first echo of each four-echo train was discarded to avoid potential phase contamination by eddy currents in the complex water-fat signal (26) . Then the complex three-dimensional water-fat separation and R 2* estimation was performed based on a multiscale whole image optimization algorithm (7) . Fat was modelled using a six-peak spectral model that was validated previously for multiple anatomies and scanner field strengths (47, 56, 61) . In addition to better modeling of fat, a multipeak fat spectrum model was used because, in the presence of fat, multipeak fat modeling is necessary for improved R2* mapping (25) . The resulting magnitude images of water, fat, and R2* were then used to fit the magnitude of all sampled data to achieve a robust hybrid magnitude-and complex-based method (65) and generate final water and fat images. These final water and fat magnitude images were then used to calculate a fat-signal fraction (FSF) image using FSF ϭ fat water ϩ fat in voxels where the signal was greater in the fat image (fat dominant) and FSF ϭ 1 Ϫ water water ϩ fat in voxels where signal was greater in the water image (water dominant). For the explanation of converting CT data to images in Hounsfield units (HU) and the PET data to images in standardized uptake values (SUV), see our previously published work (21) .
To enable analysis of the same anatomic region of interest of a subject in each of the four scans, all image volumes were coregistered for each subject individually. Registration was performed using a semiautomated method with in-house developed 3-plane-view software using a rigid body registration algorithm (45) . Due to difficulties with registering the entire image volume across all four scans, emphasis was placed on registering the region covering the chin to heart. During registration, the MRI and PET data underwent partial volume interpolation, resulting in the same voxel dimensions as the CT data. It should be noted that although interpolation of the data could introduce errors, it was a required step in the registration method used. However, steps such as boundary erosion were taken to reduce the partial volume effects, as described below.
Following image registration, a subject-specific binary mask of the clavicular BAT depot in PET-positive subjects was created using our previously published method (21) . The large range of HU values used in this method was implemented to not artificially limit the range of possible HU values, as it was unknown what type of adipose tissue existed in the clavicular depot of these subjects. The mask was limited for each subject to include only slices that covered from the C3 vertebrae to the aortic arch. The cropped BAT mask was then applied to allof the coregistered images to evaluate the HU, SUV, FSF, and R 2* values in the BAT depots for both the thermoneutral and cold scan. Use of this automated method minimized the effect of rater subjectivity and boundary ambiguity, thus enabling objective analysis of the same region of tissue in all coregistered images for a given subject.
For comparison with clavicular BAT, umbilicus level subcutaneous WAT was segmented in the same subjects. Prior to the WAT depot being segmented, the images for each subject were first registered again, with the focus instead on the lower abdomen. To be included in the mask, a voxel had to fulfill all of the following requirements: 1) CT HU values between Ϫ200 and Ϫ1 HU (36, 64) , 2) MRI FSF values between 85 and 100% fat (29, 30) , and 3) MRI R 2* values Ͻ200 s Ϫ1 (29) . Any visceral adipose tissue included in this mask was removed manually, using both the MRI and CT images as guides. The boundary of the resulting subcutaneous WAT mask was eroded to reduce any partial volume effects, and 10 slices at the umbilicus level were selected for each subject.
To analyze the clavicular adipose tissue of PET-negative subjects, a mask was created from their coregistered images using the following rules: 1) CT HU values between Ϫ200 and Ϫ1 HU, 2) MRI FSF range from 50 to 100% fat, 3) MRI R 2* Ͻ150 s Ϫ1 , and 4) no limits on SUV. The resulting mask was limited to the clavicular adipose region, manually excluding any subcutaneous WAT from the mask using both the CT HU and MRI FSF images as visual guides. The umbilicus level subcutaneous WAT masks for the PET-negative subjects were created using the same rules listed above.
Data analysis. Except where noted, image analysis was performed using in-house-developed MATLAB 2014a (Mathworks, Natick, MA) scripts, and statistical analysis was performed in RStudio version 0.98.1091 (RStudio, Boston, MA). Analysis was first conducted on all 17 subjects as one group. Following this, the subjects were divided into two groups based on BMI, normal weight (BMI Ͻ25.0) and overweight (BMI Ն25.0), to perform an ad hoc analysis to explore any potential differences present. Prior to comparing thermoneutral and cold data for the whole group, the data were first tested for normality to determine whether a parametric or nonparametric statistical test should be used. Testing for normality was performed using three methods. First, a histogram of the data was plotted and visually inspected to determine whether the histogram appeared to be normally distributed; second, a quantile-quantile plot of the data was visually inspected for linearity, and third, the Shapiro-Wilk test was used to test for normality, given the null hypothesis that the data are normal and a P value Ͼ0.05 indicating that the null hypothesis cannot be rejected. When comparing thermoneutral and cold data for the normal weight and overweight BMI groups, nonparametric tests are used because it is not meaningful to test for normality in groups with small numbers. Data are presented as means Ϯ SD, unless otherwise noted.
RESULTS
Of the 25 subjects enrolled, 20 subjects showed increased [ 18 F]FDG uptake in the clavicular adipose tissue; 19 subjects showed increased uptake after exposure to cold and low uptake after thermoneutral exposure, and one subject showed increased uptake after thermoneutral exposure and low uptake after exposure to cold. In this work, we refer to these 19 subjects as PET positive for BAT, corresponding with previously published findings. From these 19 subjects, only 17 are included in this study (6 male): age 25.1 Ϯ 2.9 yr and body mass index (BMI) 23.9 Ϯ 2.9 kg/m 2 ( Table 1) . A complete flow chart explaining the breakdown of all 25 subjects is given in Fig. 1 .
Analysis of the PET-positive subject characteristics revealed that neither age nor height was different between the normal and overweight groups. This removes both age and height as confounding factors when determining which characteristics Values are means Ϯ SD. BMI, body-mass index; waist, waist circumference measured at umbilicus. This shows that the age and height are not different between the normal and overweight subjects. Therefore, age is not a confounding factor in considering which properties may affect brown adipose tissue characteristics between subjects. However, the population distribution of weight, BMI, and waist circumference are right-shifted (larger valued) in overweight subjects compared with normal-weight subjects. *P Ͻ0.05; **P Ͻ0.001, using the Mann-Whitney U-test to compare normal with overweight subjects. may affect the differences in BAT between these two groups. However, weight, BMI, and waist circumference were significantly higher in the overweight subjects (Table 1) . Other potential contributors to visualizing BAT activation were also analyzed for differences between the subjects. These potential contributors were fasting glucose level, body temperature, and outdoor temperature (33, 50) . Fasting blood glucose levels were not significantly different between the thermoneutral and cold PET-CT scans for all 17 subjects [89.6 Ϯ 6.1 (thermoneutral) and 86.5 Ϯ 8.4 mg/dl (cold), P ϭ 0.52] or for the normal-weight [90.8 Ϯ 5.4 (thermoneutral) and 85.8 Ϯ 7.5 mg/dl (cold), P value ϭ 0.19] and overweight [85.8 Ϯ 7.1 (thermoneutral) and 88.4 Ϯ 11.1 mg/dl (cold), P ϭ 0.27] groups. However, the subjects' body temperature after 2 h in the temperature-controlled room (⌬T ϭ T hour 2 Ϫ T hour 0 ) increased significantly in the thermoneutral room (means Ϯ SD; ⌬T ϭ 0.29 Ϯ 0.68°F, P ϭ 0.02) and decreased significantly in the cold room (⌬T ϭ Ϫ0.15 Ϯ 0.53°F, P ϭ 0.02). Outdoor temperature was not significantly different for the week prior to thermoneutral scans vs. the week prior to cold scans (thermoneutral scan week: 34.6 Ϯ 16.0°F vs. cold scan week: 34.4 Ϯ 15.5°F, P ϭ 0.9).
Coronal PET-CT and MRI images from a representative normal-weight and overweight subject are shown in Fig. 2 and Fig. 3 , respectively. The normal-weight subject shows areas of increased SUV on the cold PET maximum intensity projection (MIP) image (Fig. 2E , red arrows) compared with the warm PET MIP (Fig. 2A) . Although not as intense as the normalweight subject, the overweight subject also shows increased SUV on the cold PET MIP (Fig. 3E, red arrows) . The regions also appear smaller with no accompanying paraspinal depots, which are visible on the normal-weight subject. Single coronal slices of CT HU (Figs. 2, B and F, and 3, B and F) , PET SUV (Figs. 2, C and G, and 3 C and G) , and MRI FSF (Figs. 2, D  and H, and 3, D and H) are also displayed. The clavicular regions of elevated SUV during the cold scan (Figs. 2G and  3G ) correspond to regions with the radio density of adipose tissue on the CT images (Figs. 2, B and F, and 3, B and F) Fig. 4 .
The thermoneutral and cold MRI FSF and R 2 *, CT HU, and PET SUV values of clavicular BAT from the 17 PET-positive subjects are plotted in Fig. 5 . The data are plotted keeping all subjects as a group as well as for the normal-weight and overweight groups. These results show that the FSF, HU, and SUV values are distinct between the thermoneutral and cold scans for the whole group. Specifically, the FSF of clavicular BAT is higher in the thermoneutral compared with the cold scan for all subjects: thermoneutral, 62.4 Ϯ 6.8%; cold, 60.2 Ϯ 7.6% (P Ͻ 0.05). The mean FSF for normal-weight subjects was 61.0 Ϯ 5.9 vs. 65.7 Ϯ 8.5% for the overweight subjects in the thermoneutral condition and 59.2 Ϯ 7.0% vs. 62.6 Ϯ 9.4% for the normal vs. overweight subjects in the cold condition. The mean HU of clavicular BAT for normal-weight vs. the overweight subjects were as follows: thermoneutral Ϫ71.2 Ϯ 10.6 HU vs. Ϫ76.7 Ϯ 4.7 HU and cold Ϫ66.6 Ϯ 10.9 HU vs. Ϫ71.5 Ϯ 14.4 HU, respectively. As expected, the mean clavicular BAT SUV was significantly higher in all subjects after exposure to cold (5.0 Ϯ 2.0 g/ml) compared with the thermoneutral condition (0.6 Ϯ 0.5 g/ml, P Ͻ 1e Ϫ5 ). The SUV was not significantly greater in normal-weight subjects (5.4 Ϯ 2.1 g/ml) compared with overweight subjects (4.1 Ϯ 1.4 g/ml) after cold exposure (P ϭ 0.16).
The clavicular BAT values from the 17 PET-positive subjects are plotted compared with their subcutaneous WAT values for both the thermoneutral and cold scans in Fig. 6 . The HU, FSF, and R 2 * values are all significantly different between the two adipose tissues; the HU values are significantly higher (less negative), the FSF values are significantly lower, and the Also plotted in Fig. 6 are the values of the supraclavicular adipose tissue and subcutaneous WAT from the PET-negative subjects. Their results are plotted next to the BAT and WAT of all 17 PET-positive subjects for comparison. Interestingly, the PET-negative subjects' HU values of both the supraclavicular adipose tissue and subcutaneous WAT are spread across the full range of values seen in the PET-positive subjects (Fig. 6A) . However, both the FSF and R 2 * values of the two tissue regions are more tightly clustered and distinguishable for the PET-negative subjects (Fig. 6, B and C) . (30, 31) . Unlike in the PET scan, this region of tissue is visible on MRI regardless of temperature. The volume of clavicular BAT in the PET-positive subjects ranged from 1.4 to 57.5 cm 3 . Figure 7 shows the variation in BAT volume across both age and BMI. There was no difference in BAT volume between normal-weight females (32.3 Ϯ 15.6 cm 3 ) and normal weight males (21.6 Ϯ 12.5 cm 3 ) (P ϭ 0.09). Multiple linear regression was performed on BAT volume using BMI, sex, age, and waist circumference as predictors to determine the relationship between BAT volume and these predictors. The results indicate that only BMI and sex are significantly correlated to BAT volume (BMI: P ϭ 0.04, slope ϭ Ϫ5.2; sex: P ϭ 0.03, slope ϭ Ϫ21.9), but waist circumference and age are not (waist circumference: P ϭ 0.07, slope ϭ 6.0; age: P ϭ 0.57, slope ϭ 0.8). These results indicate that, for example, if all else were held constant, then in males one could expect a 21.9 cm 3 decrease in BAT volume.
DISCUSSION
Our data suggest that MRI FSF can be used to detect brown adipose regardless of activation status. Furthermore, small but significant reductions in the FSF of BAT can be detected following activation. These findings support MRI as a viable option for studying BAT in adult humans. Additionally, this study extends previous MRI research to quantitatively measure differences in FSF and R 2 * values in supraclavicular and subcutaneous adipose tissue depots (30, 44) . To the best of our knowledge, this work represents the first study to quantify PET-CT and MRI measurements and to utilize a semiautomated algorithm to identify BAT in the same adults after exposure to both thermoneutral and cold temperatures. Our findings support the use of these metrics to characterize and distinguish between BAT and WAT and lay the foundation for future MRI analysis with the hope that someday MRI-based delineation of BAT can stand on its own. For example, future studies can create an MRI profile of BAT by combining the FSF and R 2 * values described here with other previously described metrics such as T 1 (longitudinal relaxation) (23), triglyceride saturation (43), and blood perfusion (12).
MRI-based detection and delineation of BAT from WAT is advantageous because, as we show, MRI can detect BAT under thermoneutral conditions, which is not feasible with [
18 F]FDG PET. MRI-based detection of inactive BAT is possible because the morphological characteristics such as a lower fat fraction and greater mitochondrial content are present even when not active. Our results support this, as both the FSF and R 2 * values are statistically different between BAT and WAT even under thermoneutral conditions. Additionally, MRI is capable of distinguishing between active and inactive BAT. For example, an increase in blood flow or the consumption of fatty acids by active BAT may be detected as a decrease in the FSF. This decrease in FSF is seen in our results, where the FSF is on average 2.2% lower after exposure to cold than to warm temperatures, similar to previously published results (44) . Although the FSF values presented here are lower than those reported by Lundström et al. (44) , this is likely because of the difference in the manner in which the BAT masks or regions of interest (ROIs) were defined. Lundström et al. (44) used manual ROI definitions, whereas this work utilized PET-CT to restrict and define the spatial location of the BAT ROIs on the MRI. Therefore, we believe the ROIs used here are more rigorous and restrictive. It is possible that the ROIs used by Lundström et al. (44) included tissue that was not BAT, resulting in a higher fat fraction. The goal of future work is to achieve full automation of BAT ROI definition. Although the process applied in this work was not entirely automated, the level of automation performed in this research was a substantial improvement over manual ROI delineation.
The decrease in FSF is also reflected as a statistically significant increase in the HU values after exposure to cold, as has been reported previously (3, 28) . These FSF and HU results are consistent because as adipose tissue reduces in fat content the HU values become less negative. Additionally, as expected, given that increased SUV is the currently accepted biomedical imaging indicator for activated BAT, the SUV in clavicular BAT is significantly higher after exposure to cold temperatures. Also, although not significantly different, the normalweight subjects show higher mean SUV than the overweight subjects. This may indicate that the BAT in overweight sub- ). Note that whereas the region of clavicular adipose tissue is of comparable size on the CT HU image for both the normal-weight (top) and overweight (bottom) subject (total volume: 25.4 and 20.8 cmjects is less responsive to cold stimulus or that the overweight subjects did not get cold enough to show increased SUV, as has been shown previously (9, 38, 63) .
Although we measured a significant decrease in the FSF values, the difference is slight. Therefore, we note that for future research calculating MRI FSF, it is important to reduce the degree to which other factors may contribute to the change in FSF. This can be accomplished in several ways. First, reducing partial volume effects is beneficial. Partial volume effects occur when the tissue of interest (BAT) is averaged with other tissues due to limited imaging resolution. The clavicular adipose depot is very heterogeneous, containing blood vessels, fascia, and other tissues. This may contribute to partial volume effects, which can be reduced in part with smaller voxels. The BAT mask applied here was eroded at the outer boundary, helping to reduce any partial volume effect at the boundary of the adipose depot. Future work would be improved by obtaining MRI with finer spatial resolution. Second, to obtain a more accurate fat-water separation, the chemical shift of water due to temperature must be taken into account. Because BAT releases heat when activated, this means the tissue becomes warmer than standard body temperature, and the magnetic resonance frequency of water shifts accordingly. The direction of the error in FSF is a function of how fitting the shifted water peak interacts with the acquisition parameters, i.e., the acquired echo times. As Hernando et al. (27) discuss, the temperature-dependent water frequency shift results in a mismatch between the employed signal model and the acquired data. Accounting for temperature-dependent water peak shift is not possible with this data set due to insufficient spectral resolution, i.e., the low number of acquired echoes. However, because this work utilized complex fitting to initialize magnitude fitting, these results should have more moderate temperature-related errors compared with results using only magnitude fitting (27) . Third, recent publications indicate the importance of individualized cooling protocols, especially for subjects with higher BMI (37, 57) . The goal of the individualized cooling protocol is to replicate the same physiological cold stress across subjects regardless of body type, and although the ambient room temperature and duration of exposure was standardized across subjects in our study, it is likely that many of the normal-weight subjects felt colder than the overweight subjects. Therefore, the BAT in overweight subjects may not have been activated or was not activated for long enough to detect significant lipid oxidation. This is supported in the measurement of the subjects' change in body temperature (⌬T). After 2 h of exposure to cold, the body temperature decreased in normal-weight subjects (Ϫ0.19 Ϯ 0.57, P ϭ 0.03) but not in overweight subjects (Ϫ0.06 Ϯ 0.40, P ϭ 0.34). Taking these three factors into account would help ensure that the measured difference between the thermoneutral and cold FSF values is a result of a true metabolic change in the tissue.
One weakness of this study is that it was not designed to compare normal-weight vs. overweight subjects, and as such further research is needed to clarify the relationship between body weight and volume of BAT. Furthermore, although many studies report differences in BAT glucose uptake, to our knowledge this is the first report comparing FSF and HU values of BAT in normal weight with overweight adults. However, because BAT also influences triglyceride metabolism in addition to glucose metabolism, a shortcoming of this study is that the plasma triglyceride levels were not measured. Future studies of human BAT should quantify plasma triglyceride levels.
The results of this research show that the MRI properties of FSF and R 2 * are capable of distinguishing between clavicular BAT and subcutaneous WAT in adults. Additionally, the separation between the MRI values of BAT and WAT are more clearly distinguishable than the HU values. It is possible that this range of HU values is due to the inhomogeneity of the clavicular adipose tissue, which may contain a range of fatty tissue types, from WAT like in some areas to BAT like in others. The R 2 * could be detecting blood perfusion in the tissue or iron content due to higher levels of mitochondria, both of which are significantly higher in BAT compared with WAT (14, 51). It is possible that the R 2 * values reported here are higher compared with previously reported values (30) because of the rigorous method of ROI definition used in this work, including WAT-like tissue in the ROI that would cause the R 2 * values to decrease.
In this research, the prevalence of clavicular BAT as determined using the elevated [ 18 F]FDG levels is 20/24 ϭ 83%. This is derived from the 20 PET activators out of a total of 24 subjects (PET-CT data was not acquired in 1 subject). The range in clavicular BAT volume in these PET-positive subjects is likely indicative of the natural variation of BAT in adult humans. Analyzing the clavicular adipose tissue from the PET-negative subjects shows that the values in their clavicular adipose depots are more similar to the values seen in the PET-positive subjects. Therefore, if we instead use the FSF and R 2 * values to determine the presence of suspected BAT, the prevalence could be closer to 100%. Without biopsy samples of the tissue, it is not possible to determine the true prevalence in this cohort. This illustrates one of the main issues with using PET-CT imaging to detect BAT; it relies on the uptake of [ 18 F]FDG by active brown adipocytes to determine the presence of BAT. Therefore, if no uptake occurs, it is assumed that BAT does not exist in that subject. Previous research shows this is untrue and that brown adipocytes are present in the supraclavicular adipose depot of subjects who are PET negative (42) . Biopsy samples of the clavicular adipose depot in these subjects contained mainly unilocular adipocytes, but there existed a scattering of multilocular cells that stained positive for BAT-specific markers such as uncoupling protein 1 (42) . Furthermore, other work shows that the supraclavicular adipose tissue of PET-negative subjects is capable of differentiating in vitro into brown adipocytes (41) . These two findings demonstrate that the prevalence of BAT in adults may be higher than PET scans indicate, which is exciting when considering the possible role BAT may play in mitigating the metabolic syndromes.
In conclusion, the present study extends the application of MRI to quantifying the MRI FSF and R 2 * properties of BAT in adults. Building on these results with additional MRIderived properties such as temperature, diffusion, perfusion, and T 1 , MRI will be able to distinguish BAT without human subjectivity, even if the tissue is not active. Because some subjects that are PET negative do have BAT, it is important to develop a technique for detecting BAT that does not rely solely on the rate of glucose metabolism. Additionally, the ability to distinguish BAT without ionizing radiation would enable BAT to be studied in larger cohorts, in longitudinal studies, and in difficult populations such as pediatrics, which could further our understanding of the role BAT plays in humans.
In support of reproducible research, figure reproduction scripts and data (17) are freely available for download from a version-controlled source code repository (18) in addition to the specific, tagged release of source code (19) used for this and BMI (right) for all 17 PET-positive subjects. Although there is no statistically significant difference between the volume of BAT in males and females, it appears that females tend to have a larger volume of BAT than men, especially when delineated by BMI.
